Celecoxib, a cyclooxygenase-2 (COX-2) inhibitor, can elicit anti-tumor effects in various malignancies. Here, we sought to clarify the role of autophagy in celecoxib-induced cytotoxicity in human urothelial carcinoma (UC) cells. The results shows celecoxib induced cellular stress response such as endoplasmic reticulum (ER) stress, phosopho-SAPK/JNK, and phosopho-cJun as well as autophagosome formation in UC cells. Inhibition of autophagy by 3-methyladenine (3-MA), bafilomycin A1 or ATG7 knockdown potentiated celecoxib-induced apoptosis. Up-regulation of autophagy by rapamycin or GFP-LC3B-transfection alleviated celecoxib-induced cytotoxicity in UC cells. Taken together, the inhibition of autophagy enhances therapeutic efficacy of celecoxib in UC cells, suggesting a novel therapeutic strategy against UC.
Introduction
Urothelial carcinoma (UC) of bladder is the fourth most common cancer in men and ninth most common cancer in women in the United States. It was estimated to account for over 70,000 new cases and 14,000 deaths in the United Stated in 2010 [1] . Advanced bladder UC has always been a devastating disease [2] . Cisplatin-based chemotherapy is the standard treatment for patients with metastatic UC [3, 4] ; however, despite regimens such as the cisplatin, gemcitabine or paclitaxel combination, the overall response rates vary between 40% and 65% [5, 6] . Most patients eventually die of metastatic disease and the overall median survival is about 1 year [2] . Moreover, patients suffer chemotherapy-related side effects or toxicities during the process [4, 6] . Intense efforts have focused on the development of active agents to improve the therapeutic efficacy. It is imperative to develop new therapeutic strategy to prolong survival and minimize chemotherapy-related morbidity [2] .
Celecoxib is a selective inhibitor of cyclooxygenase-2 (COX-2) and is widely used for anti-inflammation or pain control. Selective COX-2 inhibitor has been reported to elicit anti-proliferative response in various tumors [7, 8, 9, 10, 11] including urinary bladder cancer [8, 9, 12, 13, 14] ; however, the detail effects and mechanisms of celecoxib on UC cells have not been fully explored. Several mechanisms have been proposed in other tumor models such as induction of cell cycle arrest, mitochondria-mediated pathway, Akt phosphorylation inhibition, endoplasmic reticulum (ER) stress, and autophagy [15, 16, 17, 18, 19, 20] .
Autophagy is a process of cell destruction whereby cytoplasmic proteins and organelles are sequestered in vacuoles and delivered to lysosomes for degradation, which supports metabolism for tumor growth [21, 22] . Some anti-cancer drugs have been reported to induce autophagy and apoptosis [23, 24] . Targeting autophagy to sensitize cancers may be an effective therapeutic strategy to conquer drug resistance [23] . Therefore, we hypothesize the interference of autophagy can enhance the celecoxib-induced cytotoxicity in bladder UC cells. In this study, we try to investigate the role of autophagy in celecoxib-induced cytotoxicity in human bladder UC cells.
Materials and Methods

Cell Culture
NTUB1 cell line, kindly provided from Dr. Yeong-Shiau Pu (Department of Urology, National Taiwan University Hospital, Taipei, Taiwan), was derived from the surgical specimen of a 70-year-old female patient with high grade transitional bladder cell carcinoma and were reported to be tumorigenic in a xenograft model [16, 25, 26, 27, 28, 29, 30, 31, 32] . T24 cell line, obtained from the Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan), was derived from a highly malignant grade III human urinary bladder carcinoma [33] . The cells were maintained at 37uC with 5% CO 2 in RPMI-1640 medium (NTUB1 cells) or Dulbecco's Modified Eagle Medium (T24 cells) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin and 1 mmg/ml streptomycin. The cell culture media and supplements were purchased from Invitrogen (Carlsbad, CA, USA).
Reagents and Antibodies
Celecoxib pure compound was provided by Pfizer (New York, NY, USA). ZVAD-FMK (Z-Val-Ala-Asp(OMe)-CH2F), 3-MA, rapamycin, bafilomycin A1 and LM-1685 were obtained from Merck Calbiochem (Darmstadt, Germany). Antibodies against cleaved caspase-3, cleaved caspase-7, cleaved PARP, phospho-SAPK/JNK (Thr183/Tyr185), phospho-c-Jun (Ser73), ATF-4, phospho-eIF2a (Ser51), autophagy-related protein 5, 12 (Atg5, 12), and microtubule-associated protein light chain 3 B (LC3B), for immunoblotting analysis or immunofluorescence staining were purchased from Cell Signaling Technology (Danvers, MA, USA). Moreover, a-tubulin antibody was purchased from GeneTex (Irvine, CA, USA), GAPDH and b-actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Other chemicals and reagents all obtained from SigmaAldrich (St. Louis, MO, USA) or Serva (Heidelberg, Germany).
Cell Viability and Flow Cytometry (FACS) for Apoptosis Assay
Celecoxib, ZVAD-FMK, 3-MA, bafilomycin A1, rapamycin, LM-1685 or DMSO (Mock, as non-treated control) were diluted in the culture media promptly before exposing to cells. Following the treatments, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT, Sigma-Aldrich) assay were performed to detect cell viabilities according to the methods described previously [4, 6] . For apoptosis assay, the cells were harvested as described earlier and analyzed with Becton Dickinson LSR II flow cytometry (BD Bioscience, San Jose, CA, USA) [4, 6] .
Immunoblotting
Immunoblotting analysis was performed as described previously [26] . Briefly, the protein extractions from cell lysates resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membrane (GE Healthcare, Piscataway, NJ, USA). Then the membranes were immunoblotted with various primary antibodies. Therefore, after the horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling Technology) applied, antibody bound-membranes were visualized by western chemiluminescent HRP substrate (Millipore, Billerica, MA, USA). The levels of target proteins were quantified by Western blot using Image J (NIH, USA) and normalized to each internal control. The values indicated under each band were relative to each control that normalized to 1.0 and demonstrated the changes of protein expression levels.
Immunofluorescence Staining
UC cells were grown on the glass cover slides for 24 h with complete medium. After various treatments, the cells were washed with PBS one time and fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. Then, the cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min followed by washing 3 times with PBS, then incubated in 10% FBS in PBS for 30 min for blocking. The primary antibodies were combined with appreciate dilution ratios in blocking buffer and added onto the cover glass and placed at 4uC overnight. After being washed with PBS, the cells were incubated with proper fluorescence conjugated-secondary antibody for 2 h. Cells were washed with PBS and visualized with fluorescence microscope and Zeiss LSM 510 laserscanning confocal microscope. Nucleus was visualized by Hoechst (Sigma-Aldrich) staining.
Acidic Lysosome/Autophagosome Staining UC cells were cultured with complete medium at 37uC for 24 h then exposed to various treatments. The culture media were replaced with fresh complete medium containing 50 nM LysoTracker RedH (Invitrogen) at 37uC for 1.5 h. After washing with PBS twice, the cells were observed with fluorescence microscope. For quantification, the drug treated-cells were harvested by trypsin-EDTA solution (Invitrogen) before LysoTracker RedH incubation, and then analyzed with Becton Dickinson LSR II flow cytometry.
Transfection of plasmids into UC cells
Cells were cultured at 37uC to the density of 30-40% before transfection. GFP-LC3B and GFP control plasmids were transfected into cells by lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The transfected cells were exposed to celecoxib or co-treated with other compounds in various concentrations. Then the cells were collected for immunoblotting and cell viability assays.
Knockdown of ATG7 by using siRNA
In order to knockdown ATG7, NTUB1 and T24 cells were transfected with 10 nM small interfering RNA (siRNA) against ATG7 (Thermo Scientific Dharmacon, Lafayette, CO) or 10 nM nonsilencing scramble siRNA (as control) with using Dharma-FECT 1 transfection reagent (Thermo Scientific Dharmacon) according to the instructions in the manufacturer's manual. After 24 h, the media was replaced and the cells were incubated for an additional 24 h with 80 mM celecoxib or DMSO (Mock, as nontreated control) in complete medium for MTT viability assay.
Statistical Analysis
The GraphPad PrismH 5 software was used to perform all data analysis. All data were expressed as mean 6 SD and analyzed by one-way ANOVA followed by Bonferroni post hoc test, with values of P,0.05 considered statically significant.
Results
Celecoxib induces Autophagosome formation in human UC cells
Celecoxib has been reported to induce ER stress [16, 20] . First, we observed treatment of NTUB1 and T24 cells with 80 mM celecoxib could induce activations of stress-related molecules such as phospho-eIF2a, ATF-4, phospho-SAPK/JNK and phospho-cJun (Fig. S1 ). Autophagy is known to play the important roles in coping with multiple forms of cellular stress, including nutrient or growth factor deprivation, hypoxia, reactive oxygen species, DNA damage, and damaged organelles [21, 22, 34, 35] . In the process of autophagy, there are two ubiquitin-like conjugation systems, Atg12-Atg5 and LC3B, which are required for the initiation and expansion of autophagosomal membrane [36, 37] . To examine whether celecoxib could induce autophagy, we then analyzed the effect of celecoxib on endogenous Atg12-Atg5 conjugate in UC cells. Interestingly, we found that the levels of Atg12-Atg5 conjugate increased significantly after treatment of celecoxib (Fig. 1A) . Meanwhile, celecoxib induced activation of LC3B, a marker of autophagosome formation [38] (Fig. 1A) . Immunofluorescent Hoechst and LC3B staining also showed the staining pattern changed from diffuse to more punctate in cytoplasm, which meant LC3B was bound to the autophagosome [38] (Fig. 1B) .
Celecoxib induces the LysoTracker-positive staining in human UC cells
Autophagy consists of at least a three steps: autophagosome formation for engulfing the cytosolic components, lysosomeautophagosome fusion, and lysosomal degradation. Autophagosome is formed de novo to sequester cytoplasm and to fuse with the lysosomes, where the constituents could be degraded and recycled [39, 40, 41] . As shown in Fig. 2A , celecoxib treatment induced prominent LysoTracker Red signals in UC cells. The red dye of LysoTracker staining indicated the presence of acidic lysosome/autophagosome in cells. Flow cytometry for quantitatively analysis demonstrated significantly increased proportion of LysoTracker-positive cells after celecoxib treatment (Fig. 2B ) [15, 17] .
Autophagy inhibition enhance celecoxib-induced apoptosis in human UC cells
In the present study, celecoxib actually induced the accumulation of autophagosomes in UC cells. In most cases, autophagic cell death is cell death with autophagy rather than cell death by autophagy. Unless autophagy inhibition could alter the fate of the cell and reduce cell death, then cell death was to occur by autophagy. Moreover, autophagic cell death is theoretically caspase-independent; inhibition of caspases activation would not exert significant effects on cell death in case of cell death by autophagy.
First, the effects of celecoxib in different concentrations (0, 20, 40, 60 and 80 mM) on UC cells to induce apoptosis and autophagy are shown in Fig. S2 . Celecoxib induced the activations of LC3B and cleaved caspase-7 concomitantly in a dose dependent manner;however, there still exist controversies for the role of autophagy in cancer therapy. It was recently suggested that autophagy plays different roles (defensive or destructive) in cancer therapy [42] .
To investigate the role of autophagy plays in celecoxib-induced apoptosis, we first examined the apoptotic effect of celecoxib in combination with 3-methyladenine (3-MA), an autophagy inhibitor by blocking autophagosome formation via the inhibition of type BI Phosphatidylinositol 3-kinases (PI-3K) [43] . As shown in Figure 3A , 3-MA (5 mM) effectively suppressed celecoxib-induced LC3B activation and enhanced celecoxib-induced cleavage of caspase 3, 7 and PARP in NTUB1 and T24 cells. Inhibition of autophagy by 3-MA significantly potentiated celecoxib-induced apoptosis in human UC cells (Fig. 3B) .
Similarly, bafilomycin A1 is a specific inhibitor of the vacuolar type H (+)-ATPase (V-ATPase) in cells, and inhibits the acidification of organelles containing this enzyme, such as lysosomes and endosomes. Bafilomycin A1 also blocks the turnover of autophagosomes [44] . To further validate the defensive role of autophagy in clecoxib-induced apoptosis, we co-treated UC cells with celecoxib (80 mM) and bafilomycin A1 (5 nM) for 24 h and found that bafilomycin A1 also potentiated celecoxib-induced apoptosis (Fig. S3A) .
We further suppressed autophagy by ATG7 siRNA transfection in UC cells. The celecoxib-induced cytotoxicity was significantly potentiated by ATG7 knockdnown (Fig S3B) compared to scramble siRNA transfection. All these findings consistently indicated that autophagy inhibition enhances celecoxib-induced apoptosis in human UC cells. To sum up, we observed that autophagy inhibition potentiated cell apoptosis; therefore, we assume that autophagy is considered to be a pro-survival pathway in celecoxib-induced apoptosis.
Furthermore, we use the pan-caspase inhibitor (ZVAD-FMK) to clarify the role of autophagic cell death for celecoxib. We found ZVAD-FMK significantly decreased celecoxib-induced apoptotsis in T24 and NTUB1 cells, suggestting that activations of caspases are involved in celecoxib-mediated apoptosis (data not shown). This phenomenon implies that celecoxib induces cell death with autophagy rather than by autophagy.
mTOR inhibitor, rapamycin alleviate celecoxib-induced UC cell apoptosis
Mammalian target of rapamycin (mTOR) has been known as a key mediator of autophagy [45] . We then tested the combinative effect of rapamycin and celecoxib on UC cells. Immunobloting analysis by antibodies against LC3B showed that rapamycin (100 nM) effectively enhances celecoxib (80 mM)-induced LC3B activation in UC cells (Fig. 4A) . Flow cytometry analysis showed that rapamycin could also alleviate celecoxib-induced UC cell apoptosis (Fig. 4B) .
LC3B overexpression alleviate celecoxib-induced UC cell apoptosis
The green fluorescent protein (GFP)-tagged LC3B expressing cells were used to demonstrate induction of autophagy [38] . By using this method, GFP-LC3B and GFP control plasmids were transfected into UC cells by lipofectamine. The transfected UC cells expressed the high level of GFP-LC3B protein (Fig. 5A) . The celecoxib-induced cytotoxicity was rescued in GFP-LC3B transfected cells (Fig. 5B) . These data prove that the up-regulation of autophagy by rapamycin or GFP-LC3B transfection could alleviate celecoxib-induced cytotoxicity in UC cells.
LM-1685, a celecoxib analogue and COX-2 inhibitor, does not significantly induce ER stress and autophagy in human UC cells LM-1685, a celecoxib analogue, is also a COX-2 inhibitor. LM-1685 did not induce the expression of ER stress-related molecules and LC3B activation in UC cells (Fig. S4) . We assume that celecoxib-induced cytotoxicity, ER stress and autophagy may not be through the mechanism of COX-2 inhibition.
Discussion
Selective COX-2 inhibitor has been reported to elicit antiproliferative responses in various tumors [7, 8, 9, 10, 11] . The exact anti-tumor mechanism of celecoxib on UCs remains elusive. In this study, we found LM-1685, a celecoxib analogue and COX-2 inhibitor, could not induce apoptosis in UC cells via inductions of ER stress and concomitant autophagy activation as celecoxib did.
COX-2 inhibition may not the essential mechanism responsible for these responses to celecoxib treatment in UC cells.
Autophagy is a cellular catabolic mechanism mediating the turnover of intracellular organelles and proteins through the lysosomal degradation. It's a principle mechanism to recycle the intracellular materials for energy production under stress [36, 46] . Autophagy has been reported to have paradoxical role in the control of cell death and survival [36] . While maintained at a basal level in resting cells, autophagy can be induced under conditions of stress and thus behaves as an adaptive survival mechanism [24] . SAPK/JNK and c-Jun, are MAPK-family signaling proteins that are activated by many types of cellular stress and functions to regulate a variety of cellular processes, including cell proliferation, differentiation, and apoptosis [47] . ER stress has been reported to induce autophagy [48, 49] . When misfolded proteins accumulate in the ER; the resulting stress activates the unfolded protein response to induce the expression of chaperones and proteins involved in the recovery process. The preautophagosomal structure is assembled, and subsequently transport of autophagosomes to the vacuole is stimulated in an Atg protein-dependent manner. As is shown in our results, induction of autophagy after celecoxib treatment may be associated with these stress responses.
In the process of autophagy, an autophagosome sequesters cytoplasmic constituents by forming a double-membrane vesicle. The outer membrane of autophagosome then fuses with lysosome to deliver the sequestered contents for degradation [46] . When autophagosome formation is activated, LC3B is increased; whereas lysosomal degradation of LC3B is simultaneously activated [40] . LC3B can be serves as a good indicator of autophagosome formation before they are destroyed through the fusion with lysosomes [40] . In this study, we found that celecoxib can trigger expression of LC3B, indicating the formation of autophagosome.
3-MA is a drug that selectively and potently inhibit autophagydependent protein degradation and suppress the formation of autophagosomes [43] . We found that 3-MA could effectively potentiate celecoxib-induced apoptosis in UC cells by suppressing the LC3B level and increasing caspases 3, 7 activations and PARP cleavage. Moreover, we found bafilomycin A1 also potentiated the celecoxib-induced apoptotic effect on UC cells. The increased expression of LC3B after clecoxib treatment could be due to either an increase in the flux of autophagosome formation or a reduction in the turnover of autophagosomes [36, 38] . Consistent with an effect of celecoxib in promoting the flux of autophagosomes, the presence of bafilomycin A1 led to a further increase in the levels of LC3B compared to that of celecoxib alone (data not shown). Thus, we assumed that celecoxib induced an increase in the autophagic activity. We could develop novel strategy to enhance the therapeutic efficacy of celecoxib.
The up-regulation of autophagy by GFP-tagged LC3B transfection can alleviate the celecoxib-induced cytotoxicity in UC cells. In mammalian cells, mTOR kinase, the target of rapamycin, mediates a major inhibitory signal on autophagy [36, 46] . Rapamycin, an mTOR inhibitor, is the most commonly utilized agent to mimic starvation-induced autophagy. Similarly, we found that the co-treatment of rapamycin significantly increased the level of LC3B and decreased celecoxib-induced apoptosis in UC cells. These findings indicated that upregulation of autophagy could decreases UC cell apoptosis induced by celecoxib.
Celecoxib is commonly administered orally with dosage of 200 mg twice daily, resulting in mean peak serum concentration of 1-2 mM [50] . Reported side effects of celecoxib in therapeutic dosage include cardiovascular thrombosis, congestive heart failure, gastrointestinal ulceration, renal or hepatic injury, and platelet aggregation [51] . Some reports on side effects of celecoxib in supra-therapeutic dosage in clinical trial showed that there were no significant side effects in supra-therapeutic dosage [52] . In the present study, we chose 80 mM as the working concentration of celecoxib, a concentration much higher than the concentration corresponding to the FDA recommended maximal dose. This is in line with a variety of studies on the anti-tumor effect of celecoxib in vitro showing that the concentration of celecoxib needed to inhibit growth of cancer cells in vitro is much higher than that needed in vivo for bladder cancer and other cancers [8] . This discrepancy indicates that tumor growth in vivo is determined by interactions between factors intrinsic to tumor cells and extrinsic factors such as the extracellular matrix, stromal cells, and other host factors. These extrinsic factors are generally absent under in vitro conditions. Cell culture models are often used to evaluate the therapeutic potential of COX-2 inhibitors against cancer, but it must be noted that in vitro results, particularly as relates to relative dose of agent used, cannot be directly extrapolated to the whole organism (in vivo) [53] .
In conclusion, the present study showed that celecoxib could suppress the cell viability and induce autophagy in human UC cells. Autophagy inhibitor enhanced, but m-TOR inhibitor suppressed the cytotoxic efficacy of celecoxib in human UC cells. The regulation of autophagy suggests a novel therapeutic strategy against UC and warrants further study in the future. 
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